The goal of the present research work was to identify quantitative trait loci (QTLs) involved in the genetic variation of relative water content and chlorophyll concentration in sunflower (Helianthus annuus L.) under well-watered and water-stressed conditions. 70 recombinant inbred lines (RILs) out of 123 from the cross PAC2 × RHA266 and their parental lines were evaluated in a rectangular 8 × 9 lattice design with two replications under well-watered and water-stressed conditions. High genetic variability and transgressive segregation was observed among RILs for evaluated traits in both water treatment conditions. QTLs were mapped using an updated high-density simple sequence repeat (SSR) and single nucleotide polymorphism (SNP) linkage map. The map consisted of 210 SSR and 11 genes placed in 17 linkage groups. The total map length is 1,653.1 cM (centimorgan) with a mean density of 1 marker per 7.44 cM. Under well-watered state, 3 and 6 QTLs were identified for chlorophyll concentration and relative water content, respectively. In water-stressed condition 7 and 2 QTLs were identified. The percentage of phenotypic variance (R 2 ) explained by QTLs ranged from 0.39% to 52.48%. QTLs for chlorophyll concentration and relative water content on linkage group 10 and 16 were overlapped. Common QTLs for different traits in both water treatment conditions on linkage groups 10 seem to be more important as it gives a constitutive performance for the traits without being affected by water treatment.
Introduction
Drought is the major factor limiting crop productivity worldwide (Chimenti et al., 2006 ). Crops with improved tolerance level to drought stress appear to be crucial in areas where dry seasons are common (Andrew et al., 2000) . Drought tolerance is not a unique and easily quantifiable plant attribute; it is a complex character that can be evaluated with relative water content (RWC), relative water loss, chlorophyll fluorescence, stomatal resistance, cell membrane stability, free prolin accumulation and many other characters (Zarei et al., 2007) . Among the traits used for evaluating plant waterstatus, RWC gives best measure of the level of the water deficit in the plant at a specific time-point. As RWC is related to cell volume, it may closely reflect the balance between water supply to the leaf and transpiration rate (Sinclair, Ludlow, 1986) . Decreased RWC and leaf water potential (ψw) inhibit the photosynthesis capacity in sunflower (Tezara et al., 2002) . It was reported that among the photosynthetic traits, chlorophyll concentration is an index for estimating environmental stress effects on growth and yield, since this trait was closely correlated with the rate of carbon exchange (Guo, Li, 2000; Fracheboud et al., 2004) . Chlorophyll concentration as one of the major chloroplast components has a positive relationship with photosynthetic rate (Guo, Li, 1996) . So, this parameter can be used as a reliable indicator to evaluate the energetic/metabolic imbalance of photosynthesis and yield performance across genotypes under water deficit (Araus et al., 1998) .
In the past, progress in improving drought tolerance via conventional breeding methods has been slow, due to genotype × environment interactions, poor
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definition of the target environment, the complexity and difficulty of drought-evaluation procedures, and the inconsistency of morpho-physiological traits as selection criteria for drought tolerance (Ceccarelli et al., 2004; . In the last decade, molecular marker technologies have been successfully used to identify quantitative trait loci (QTLs) controlling important traits in various crop plants in responses to drought stress (Verma et al., 2004; Abdi et al., 2012) . Marker assisted selection may solve problems associated with genotype × environment interactions, improve the selection efficiency and facilitate pyramiding different genes into a single genotype background.
Although sunflower is moderately tolerant to water stress, its distribution and production are greatly influenced by drought stress. Several researches were conducted to identify putative QTLs related to osmotic adjustment (Jamaux et al., 1997; Poormohammad Kiani et al., 2007 a) , agronomic traits (Poormohammad Kiani et al., 2009; Haddadi et al., 2012) , photosynthesis parameters (Herve et al., 2001; Poormohammad Kiani et al., 2008) , whereas, a few studies have been carried out to determine the QTLs linked to RWC (Herve et al., 2001; Poormohammad Kiani et al., 2007 a) and chlorophyll concentration (Herve et al., 2001) in sunflower. Herve et al. (2001) reported 4 QTLs for chlorophyll concentration and 1 QTL for RWC which explained 53% and 9.8% of their phenotypic variation, respectively. Poormohammad Kiani et al. (2007 a) have identified 6 QTLs for RWC whose phenotypic variation ranged from 7% to 25%.
In the present study, we aimed to identify QTLs involved in genetic variation of chlorophyll concentration and relative water content in RILs of sunflower under well-watered and water-stressed conditions using an integrated and high density genetic-linkage map based on SSR and SNP markers.
Material and methods

Plant materials and experimental methodology.
Recombinant inbred lines (RILs) used in this research were developed through single seed descent from F 2 plants, derived from the cross between PAC2 and RHA266 (Flores Berrios et al., 2000) . Seeds of 70 RILs and their two parents kindly provided by National Institute for Agricultural Research (INRA, France) were evaluated in both well-watered and water-stressed conditions using a rectangular 8 × 9 lattice design with two replications. The experiment was arranged in research farm of Urmia University, Iran in 2010. Each plot comprised 1 line 8 m long, with a spacing of 75 × 25 cm between lines and plants, respectively. The distance between well-watered and water-stressed experiments was considered 5 m. From the beginning of planting time until the complete establishment of sunflower plants (eight-leaf (V8) stage), irrigation in both well-watered and water-stressed experiments was carried out when the amount of evaporated water (from class 'A pan' evaporation) reached to 60 mm (Pourtaghi et al., 2011) . After V8 stage, the irrigation was continued in the same manner (60 mm evaporation from class 'A pan') in well-watered experiment but it was carried out in the water-stressed experiment when the amount of evaporated water (from class 'A pan' evaporation) reached to 180 mm (Pourtaghi et al., 2011) .
Traits measurement. Chlorophyll concentration. Leaf chlorophyll concentration was determined using a chlorophyll meter SPAD-502 ("Minolta", Japan). During filling grain stage, chlorophyll concentration on the youngest fully expanded leaves of five plants from each genotype per replicate were measured before irrigation in both well-watered and water-stressed experiments. Three measurements were made at random locations in the middle of the leaf for each plant and the average was used for the analysis.
Relative water content (RWC). The youngest fully expanded leaf of four plants per genotype per replicate was sampled in both well-watered and waterstressed conditions. Leaf discs of 4 cm 2 area in rectangle shape per plant were prepared and the fresh weight (Wf) was measured. Leaf discs were then dipped in the glass vials containing 20 ml deionized water. These vials were left for four hours at room temperature (about 25ºC) with no illumination. After four hours, leaf discs were blotted and their turgid weight (Wt) was recorded. Leaf discs were oven dried in 80ºC for 24 h and weighed (Wd). RWC was calculated using the following formula:
.
Map construction and quantitative trait loci (QTL) mapping. Simple sequence repeat (SSR) mapping.
The genomic DNA of RILs and their parents (PAC2, RHA266) were extracted according to the method of extraction and purification presented by Porebski et al. (1997) . We used Picogreen fluorescent stain (Quanti-iT TM Picogreen®, Invitrogen) to quantify DNA concentration with the BioTek FL600 Fluorescence Microplate Reader (BioTek Instruments Inc., USA). One hundred and fourteen SSRs were studied. All SSR markers are public and can be provided upon request. We used multiplex polymerase chain reaction (PCR) method, in which several SSR markers are simultaneously amplified in the same reaction (we used 4 SSR markers in the same reaction thanks to their size). PCR is done using a forward primer with a nucleotide extension at its 5'-end, identical to the sequence of an M13 sequencing primer and a standard length reverse primer and fluorescently (6-FAM, NED, VIC and PET) labelled M13 primer. During PCR, the SSR product is fluorescently labelled following participation of the M13 primer after the first few cycles of amplification. Therefore, instead of synthesizing one specific fluorescently labelled primer for each SSR marker, only a dye labelled M13 primer is needed. PCR products were diluted with ultrapure water (2 µl of each PCR product in 20 µl water) and 2 µl of diluted PCR products mixed with 7.94 µl Formamide HiDi TM and 0.06µl GeneScan TM 500 LIZ TM size standard (Applied Biosystems, USA). After denaturing at 94°C for 5 min, we used sequencer ABI3730 and fragments were sized using the GeneMapper® software, version 4 (Applied Biosystems). Chi-square-tests were performed for segregation distortion of each locus. All new SSRs are mapped to our previous map by Carthagène (De Givry et al., 2005) and Mapmaker (Lander et al., 1987) .
Candidate genes (CGs) mapping. Some important tocopherol and phytosterol pathway-related genes, enzymatic antioxidant-related genes, droughtresponsive genes and Arabidopsis Sec14 homologue genes were selected to introduce in our map. Respective sequence data for CGs coding for these proteins were obtained from the Arabidopsis information tesource (www.arabidopsis.org). In order to seek the Helianthus homolog sequences to the Arabidopsis genes, we used the Compositae expressed sequence tag (EST) assembly clusters, available at the Helianthus-devoted bioinformatics portal HeliaGene (www.heliagene.org).
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The Helianthus EST clusters presenting the reciprocal blast with the highest score and lowest E value with regarding to the original Arabidopsis genes were chosen for our studies. All primers were designed by MATLAB. Forward primers were tailed at 5' with M13-Fwd tail (5'CACGACGTTGTAAAACGAC3') and reverse primers were tailed at 5' with M13-Rev tail (5'ACAGGAAACAGCTATGAC3'). Between 2 to 4 various primer combinations per each candidate gene were tested on agarose gel. The PCR program was: 4 min at 94°C followed by 35 cycles; 30 s at 94°C, 30 s at 55°C or 58°C, 1 min at 72°C and final extension of 5 min at 72°C. One PCR fragment per gene was sequenced using M13-Fwd and M13-Rev primers. After sequencing, SNP-PHAGE (SNP discovery Pipeline with additional features for identification of common haplotypes within a sequence tagged site (Haplotype Analysis) and GenBank (-dbSNP) submissions), through the website (www. heliagene.org), was applied for analyzing sequence traces from both parents to identify SNPs. Several types of markers such as dominant, co-dominant, HRM: high resolution melting, InDel (short insertions and deletions), and SNP-based cleaved amplified polymorphic sequences (CAPS) markers are developed for genotyping of the studied candidate genes. QTL mapping. QTL mapping of the studied traits was performed by composite interval mapping (CIM), using Win QTL Cartographer, version 2.5 (Wang et al., 2012) . The genome was scanned at 2 cM intervals with a window size of 15 cM and up to 15 background markers were used as a cofactors in the CIM analysis identified by the SRmapqtl program (model 6). LOD (log 10 likelihood ratio: likelihood that the effect occurs by linkage/ likelihood that the effect occurs by chance) thresholds resulting from permutation tests were used for identifying significant QTLs. Additive effects of the detected QTLs were estimated with Zmapqtl program. The percentage of phenotypic variance (R 2 ) explained by the QTLs was estimated at the peak of curve by Win QTL Cartographer. MapChart 2.2 was used to draw a graphical presentation of linkage groups and map position of QTLs.
Statistical analysis. Analysis of variance was performed using PROC GLM procedure in the SAS software (SAS/STAT® 9.2, 2009). Phenotypic correlations between studied traits in water treatment states were determined using PROC CORR in the SAS software.
Results and discussion
Phenotypic variation among inbred lines.
Analysis of variance indicated the presence of genetic variation and possibility of mapping the genes involved in the inheritance of studied drought tolerance criteria (chlorophyll concentration and relative water content) in sunflower (Table 1 ). The effects of water treatment condition, genotype, and the interaction between genotype and water treatment were significant (Table 1) . The presence of significant genotype × water treatment interaction on the studied traits means that the changes occur in relative performance of genotypes across water treatment conditions. So, a genotype showing promise in one water treatment condition may not be exceptional in another condition. Slicing significant interaction effects for relative water content trait revealed the significant difference among genotypes in each one of water treatment conditions, while concerning chlorophyll concentration there were significant difference among genotypes only in well-watered condition (Table 1) . Phenotypic performance of RILs and their parents for chlorophyll concentration and relative water content under the two water treatment conditions are summarized in Table 2 . Parental lines showed different chlorophyll concentration under water-stressed condition ( Table 2 ). The differences between the mean of RILs ( RIL ) and the mean of their parents ( P ) were not significant for studied traits (Table 2 ). This nonsignificant difference shows that the RILs used in this study are representative of possible recombination of the cross PAC2 × RHA266. The genetic gain calculated as difference between the mean values of 10% selected best RILs ( 10%bestRILs ) and the mean of parents ( p ) was significant for the studied traits in both water treatment conditions except for chlorophyll concentration in waterstressed condition (Table 2 ). High standard deviation was observed for studied traits in both water treatment conditions. Transgressive segregation that would be the result of the accumulation of positive alleles from both parental lines was observed for both of the studied traits (Table 2) . Transgressive segregation for osmotic adjustment, photosynthesis and plant water status traits under well-watered and water-stressed conditions as well as for physiological traits associated to low temperature growth under early sowing conditions has been also reported by Herve et al. (2001) Results revealed that under water-stressed condition, the mean value of chlorophyll concentration decreased and the mean value of relative water content increased compared with the well-watered condition.
In this study, chlorophyll concentration was significantly and positively correlated with relative water content under water-stressed condition (Table 3) . Therefore, changes in water content are not directly related to the chlorophyll concentration in all types of environments. Furthermore, highly significant correlations between relative water content in two water treatments were observed that show the phenotypic value under well-watered condition explain a large proportion of the variation for performance under water-stressed condition (Table 3 ). This result suggests that selection under well-watered conditions could partly be effective to improve relative water content under water-stressed condition. -mean of the 10% selected RILs for each measured characters. GG10% -genetic gain when the mean of 10% selected RILs is compared with the mean of parents. LSD-I 0.05 -least significant differences calculated using t 0.05 and error mean square of each experiment. LSD-C 0.05 -least significant differences calculated using t 0.05 and error mean square of combined analysis of experiments. Linkage map. Of 114 SSR primer pairs tested, 23 SSR primers (20.2%) produced clear polymorphisms between the parental lines which segregated in a Mendelian manner. These new SSR markers together with 5 new candidate genes identified with the code HuCL were assigned to the previously reported linkage map . New SSR can be found in linkage groups 1, 2, 3, 4, 5, 6, 8, 10, 13, 14, 15 and 17 and new 5 candidate genes (HuCLs) in linkage groups 2, 8 and 16. The updated map consisted of 210 SSR markers and 11 genes placed in 17 linkage groups. Linkage groups were named as 1 to 17 according to the reference linkage map of sunflower (Tang et al., 2002) . The total map length is 1,653.1 cM with a mean density of 1 marker per 7.44 cM (Fig.) . The number of markers per linkage group ranged from 5 to 26. Linkage group 14 is the largest in term of cM size (197.6 cM) while linkage group 4 (32 cM) is the smallest (Fig.) .
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Quantitative trait loci (QTL) analysis. QTL mapping showed the presence of 16 QTLs on 9 linkage groups in the expression of chlorophyll concentration and relative water content under both water treatment conditions (Table 4 ). The number of detected QTLs for each trait varied from 2 to 7 depending on water treatments. The phenotypic variance explained by QTLs (R 2 ) ranged from 0.39% to 52.48%, and the sign of additive gene effects showed that both parental lines contributed to the expression of studied traits. For chlorophyll concentration, 3 QTLs were detected under well-watered condition on linkage groups 10 and 16 with the phenotypic variance ranging from 0.56% to 42.19% (Table 4 , Fig.) . 48 Notes. QTL names were constructed using the trait abbreviation name and suffixed with numbers presenting the linkage group and order of QTL on the linkage group. The QTLs names were also followed by either W or S presenting well-watered and water-stressed conditions, respectively. The positive additive effect shows that PAC2 allele increase the trait and negative value shows that RHA266 allele increases the trait. LGlinkage groups; cM -centimorgan; LOD -log 10 likelihood ratio: likelihood that the effect occurs by linkage/likelihood that the effect occurs by chance; % -percentage of phenotypic variance explained by the individual QTLs.
The positive alleles for these QTLs come from PAC2. The major QTL for chlorophyll concentration (ChlW.10.1) is found on linkage group 10 (Table 4) . This QTL was also identified for relative water content, with an R 2 value of 23.00% in water-stressed condition (Table 4 , Fig.) . The most important QTL detected for chlorophyll concentration under well-watered condition (ChlW.10.1) is also reported for leaf area duration under well-watered condition by Poormohammad . Under water-stressed condition, 7 QTLs were identified for chlorophyll concentration on linkage groups 3, 8, 10, 14, 15 and 16 with the phenotypic variance ranging from 0.39% to 52.48% (Table 4 , Fig.) . RHA266 ISSN 1392 -3196 Zemdirbyste-Agriculture Vol. 100, No. 2 (2013 
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Note. Bars represent intervals associated with the quantitative trait loci (QTLs) in two water treatment conditions. QTL names are constructed using the trait abbreviation name suffixed with numbers presenting the linkage group and order of QTL on the linkage group. The QTLs names were also followed by W or S presenting well-watered water-stressed conditions, respectively.
Figure.
Linkage map of sunflower based on 11 single nucleotide polymorphism (SNP) and 210 simple sequence repeat (SSR) markers using the cross between PAC2 × RHA266
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contributed positive alleles for all detected QTLs. In this study, one identified QTL for chlorophyll concentration under water-stressed condition (ChlS.3.1) was also reported for leaf area duration under both water-treatment conditions by Poormohammad Kiani et al. (2009) and for 1000 kernel weight and palmitic acid content under water-stressed condition by Ebrahimi et al. (2008; 2009) . Four QTLs were detected for relative water content, on linkage groups 11, 12, 16 and 17 under well-watered condition, and 2 QTLs on linkage group 10 under waterstressed condition (Table 4 , Fig.) . These putative QTLs explained 0.93% to 21.18% and 23.00% to 29.48% of the total phenotypic variance of target trait in each one of the conditions, respectively (Table 4 ). The identified QTL on linkage group 10 (RWCS.10.2) under water-stressed condition, was also reported by Ebrahimi et al. (2008; 2009) for percentage of protein, 1000 kernal weight, oil content and palmitic acid content under well-watered condition. Results revealed that PAC2 and RHA266 contributed equally to QTLs controlling relative water content. QTLs overlapped among studied traits and water treatments. Results showed that some detected QTLs are associated with two traits and some others are specific for only one trait or a given water treatment (Table 4 , Fig.) . Co-localization of QTLs for different traits implies likely the presence of pleiotropic or closed linkage between QTLs controlling traits (Tuberosa et al., 2002) . For instance, 2 QTLs including ChlW.16.1 and RWCW.16.1 for chlorophyll concentration and relative water content under well-watered condition were overlapped on linkage group 16 (Fig.) . These QTLs were also reported for stomatal conductance and plant dry weight by Herve et al. (2001) and for linoleic acid content by Haddadi et al. (2010) . According to simple correlation (Table 3) , negative correlation between relative water content and chlorophyll concentration is justified by opposite additive effects of their overlapped QTLs. These phenomena possess potential challenges to breeders for simultaneous improvement of both traits. However, independent segregation of QTLs for studied traits at genetic level provides opportunity for simultaneous improvement of these traits in sunflower breeding programs. QTLs common for both water treatments seem to be more important as it gives a constitutive performance for the traits without being affected by water treatment. For instance, overlapped QTLs between two water treatment regimes was observed in interval 17-18 cM on linkage group 10 near markers HA928 and ORS456 for chlorophyll concentration and relative water content (ChlW.10.1 and RWCS.10.1). However, majority of identified QTLs were specific for each or both water treatment conditions, which could be of interest for marker-assisted selection (MAS) when favourable alleles are selected. Overlapping QTLs involved in studied traits show that the plant water status and chlorophyll concentration are genetically related, and should be considered together when used as the selection criteria for drought tolerance improvement in sunflower. Therefore, this region may increase yield under stress through drought avoidance by increasing water uptake and mineral nutrients resulting in better growth and photosynthesis.
Conclusions
1. Quantitative trait loci (QTL) analysis for water status and photosynthetic traits using our improved map with 210 simple sequence repeats (SSRs) and 11 genes enabled us to investigate with greater precision the genetic basis of trait association by looking for colocation of corresponding QTLs on the genetic map.
2. The identification of genomic regions associated with water status and chlorophyll concentration under well-watered and water-stressed conditions will be useful for marker-based approaches to improve drought tolerance in sunflower.
3. In addition, our map complements the public SSR and SSR/SNP maps (Tang et al., 2002; Lai et al., 2005) as a genetic framework for quantitative and qualitative trait analysis for sunflower (Helianthus annuus L.)
